ABSTRACT Viscosity of intestinal contents is known to affect digestion and absorption of nutrients. In most poultry studies, intestinal viscosity has been measured only after complete removal of solid particles by centrifugation. Centrifugation may however remove particles that contribute to viscosity, hence giving rise to an underestimation of viscosity. Two viscosity measurement techniques, one including a centrifugation step (Brookfield) and the other without (Haake), were compared in-vitro to assess whether both techniques result in similar conclusions regarding viscosity in feedstuffs. Two sets of feedstuff preparations were used. The first set was prepared with different combinations of milled feedstuffs in order to have a wide range of viscosity: 100% corn, 25% corn + 75% wheat, 100% wheat, 90% wheat + 10% rye, all mixed with distilled water. In the second set, barley was incubated with different betaglucanases, and soybean and sunflower meal were incubated with different pectinases, again all mixed with distilled water. Viscosity was assessed using both techniques (Haake and Brookfield equipments) at six different time points. To evaluate the extent of agreement between the two methods, the Lin's concordance correlation coefficient (CCC) was assessed using the percentage of increase in viscosity within each method, based on pairwise feedstuffs comparison (first set), or relative to the feedstuff without enzyme (second set). The rate of the agreement between the two methods was substantial for the first set of feedstuffs (66%) and for the barley diets incubated with beta-glucanases (69%), whereas the CCC score for the soybean meal diets was very poor (2%) and fair for the sunflower meal diets, incubated with pectinases (32%). The lack of agreement for the latter can be explained by the limited variation in viscosity in these low-viscous mixtures. Although the two techniques are considerably different (e.g., with or without preceding particle removal), they seem to render similar conclusions when applied to poultry feedstuffs to identify distinct differences under the tested circumstances.
INTRODUCTION
Increased viscosity in the gastrointestinal tract of poultry, through addition of cereals containing high amounts of soluble non-starch polysaccharides (NSPs), has been shown to negatively interfere with digestion and absorption of nutrients and consequently reduce their performance (Choct and Annison, 1992; van der Klis et al., 1993) . Although many studies have investigated the antinutritive effect of increased gastrointestinal contents' viscosity (Lee et al., 2003; Sieo et al., 2005; Mehri et al., 2010; Slominski, 2011) , and multiple methods for viscosity assessment have been employed C 2018 Poultry Science Association Inc. Received August 29, 2016. Accepted May 2, 2018. 1 Corresponding author: Geert.Janssens@UGent.be through all of these studies, there is no single standard method to measure the viscosity. This hampers the choice of techniques and instruments to assess viscosity. When measuring the viscosity of a fluid containing large particles, the common types of rotational viscometers that require small-volume samples, such as parallel plate ( Figure 1A ), cone and plate ( Figure 1B ) and concentric cylinders systems ( Figure 1C ) are not appropriate, due to the narrow gaps of cone and plate or cylinder and parallel sensors (Steffe, 1996; Bourne, 2002) . Therefore, in most studies published to date, samples are centrifuged before measuring viscosity to remove these large undigested feed particles. However, centrifugation may remove particles that contribute to viscosity and may contribute to the underestimation of viscosity, making data interpretation difficult (Takahashi and Sakata, 2002) . To date, it is well documented that the enzymatic breakdown of soluble NSPs decreases the viscosity in the gastrointestinal tract of broiler chicks fed cereal-based diets (Bedford, 1995) . However, there are still several studies suggesting that intestinal viscosity is not a factor in determining the response to exogenous enzymes (Bedford and Schulze, 1998) . One reason for the lack of a relationship between intestinal viscosity and performance on the basis of such studies could be due to the underestimation of viscosity measurements by centrifugation. It is, thus, important to have a method that measures the viscosity of the whole sample. Such method has been described by Steffe (1996) , where mixer viscometry was developed to solve the problem of large particle size and to obtain a desired degree of uniformity. This is achieved by creating motion in the suspensions, usually in the form of a rotational motion with vane spindles or pitchedpaddle impeller sensor systems ( Figure 1D ). Therefore, viscometers with large diameter tubes must be used, which in turn require larger sample volumes compared to the common methods (Rao et al., 1974) . The advantage of comparing this later method with common rotational viscometry, such as a cone and plate system, is to assess the contribution of particles to the viscosity in poultry feedstuffs. Haake and Brookfield viscometers were chosen to compare the mixer (vane spindle without preceding centrifugation) and common (cone/plate with preceding centrifugation) rotational viscometer methods to assess whole sample viscosity. This comparison was done in vitro, using different proportions of finely milled feedstuffs in water solution, with addition or not of NSP-degrading enzymes. It was hypothesized that both techniques would result in similar conclusions when applied to poultry feedstuffs with a range in viscosity.
MATERIALS AND METHODS

Feedstuffs Preparations
Two sets of feedstuff preparations were made. The first set was prepared with different combinations (200 g) of milled corn, wheat, and rye (100% corn, 25% corn + 75% wheat, 100% wheat, 90% wheat + 10% rye), all mixed with distilled water (300 g) in order to have different degrees of viscosity. The second set was prepared with barley (200 g), soybean meal (200 g), and with sunflower meal (200 g), all mixed with distilled water (400 g, 700 g, and 900 g, respectively) and different NSP-degrading enzymes (glucanases and pectinases (ILVO, Merelbeke, Belgium) . All feedstuffs were ground by a hammer mill using 4 × 4 set hammers and size screen of 1.5 mm. In Table 1 , the activities of the different tested enzymes are given. Activity of glucanase enzymes was tested on purified glucan, whereas the activity of pectinases was tested on purified polygalacturonan, both at pH 6.5 and 40
• C.
Analyses and Measurements
Viscosity of all combinations was assessed either using the Haake or the Brookfield viscometer. Measurements were done at six different time points (0, 30, 50, 70, 120, and 180 min) to include the viscosity measurement changes over time, as representative of the digesta passage in different segments of the poultry digestive tract (Svihus et al., 2002) . All mixtures were prepared without adjustment of pH, but pH was measured for all mixtures: for barley mixtures, this was between 5.85 and 5.98; for the soybean mixtures pH ranged from 6.25 to 6.50; and for the sunflower mixtures, the pH range was 5.84 to 5.99. All viscosity measurements were done at room temperature (22
• C) to alleviate any additional interference due to changes in temperature, and without.
Haake Viscometer After the combinations were prepared, these were mixed by hand with a metal spatula for 60 s to homogenize the mixtures, just before each viscosity measurement. Viscosity of whole suspensions was measured in triplicate with a Haake Viscotester 550 (VT550 viscometer, Karlsruhe, Germany). An FL-100-Vane shaped spindle (Haake Engineering, Karsruhe, Germany) was used.
Brookfield Viscometer The samples were mixed by hand with a metal spatula for 60 s to homogenize the sample. Approximately 15 ml of each mixture was placed in centrifuge tubes and centrifuged at 3893 g for 5 min at 22
• C (Sigma 3-16pk, Sigma, Osterode, Germany). Supernatants were recovered to new 1.5 ml tubes, and viscosity of the supernatant was measured in triplicate with a Brookfield DV2T viscometer (DV2T; Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA) with a Wells/Brookfield cone and plate using a CP-40 cone and plate as described by Bedford and Classen (1992) .
Calculations
In order to compare the two methods of viscosity measurement and to include all time points at which the viscosity was measured, the area under the curves (AUC) were assessed (for both methods) based on the trapezoid method as follows:
With y the maximum number of measurements in time (in this experiment y = 6), V tx+1 the viscosity measured (in centipoises (cP) or in Pascal-second (Pa-s)) at time point y + 1, V tx the viscosity measured at time point y, t x+1 the following time point (in min) at which viscosity was measured, and t x the first time point (in min) at which viscosity was measured.
The techniques use two different substrates and scales to measure viscosity: whole suspensions with the Haake viscometer (in scale of Pa-s) and supernatants with the Brookfield viscometer (in scale cP). Therefore, the relative percentage of change in viscosity was calculated within each method based on the AUC changes. In the first set, differences between feedstuffs were the target, whereas in the second set the addition of enzymes was 
Statistical Analysis
Linear regression was used to analyze the correlation between AUC measured with the Brookfield and Haake viscometer to derive a statistical equation and coefficient of determination (R 2 ). To evaluate the extent of agreement between the two methods, Lin's concordance correlation coefficient (CCC) was assessed as proposed by Lin (1989) . The CCC is calculated as ρc = ρ × C b with ρc the CCC, ρ the Pearson correlation coefficient, and C b the bias correction factor that is calculated as:
with σ B , σ H , μ B , and μ H the S.D. and the mean of the values determined by Brookfield and Haake viscometers, respectively. The ρc (CCC score) reflects the length of the concordance and the degree to which individual prediction adhere to the concordance line. The Pearson correlation coefficient is a measure of precision, whereas the C b is a bias correction factor that is a measure of accuracy. The Landis and Koch (1977) scale was used to describe the degree of concordance, with 0.21 to 0.40 being "Fair," 0.41 to 0.60 being "Moderate," 0.61 to 0.80 being "Substantial," and 0.81 to 1.00 being "Almost perfect." Additionally, a Bland-Altman precision plot (difference plot) and bias analysis were also performed to assess the agreement between the two viscosity measurement methods. The limits of agreement were defined as mean bias ± 1.96 standard deviation. This analysis was done to help assess potential errors in the measurements and to identify possible outliers. To analyze the potential to reduce the viscosity by glucanases and pectinases within each method, a general linear model (GLM) was used. This statistical analysis with the GLM was done at two different time points (70 and 120 min after the beginning of the incubation period), representative of the most common times for digesta passage rate in broilers. For this, SPSS (v22.0) was used with a univariate ANOVA, with enzyme as fixed factor. Tukey was used as a post-hoc test, and statistical significance was accepted at P < 0.05.
RESULTS
Viscosity of the different feedstuff mixtures prepared measured by both viscometers is shown in Figure 2 . Although the values measured are not the same for both methods, the ranking of the feedstuff mixtures is the same for both methods with increasing viscosity from the 100% corn mixture to the 90% wheat + 10% rye mixture. Similarly, when barley was incubated with different glucanases (Figure 3) , the same ranking in viscosity reducing capacity of the different glucanases was achieved. However, for soybean meal and sunflower meal incubated with different pectinases, for both methods used, it was not possible to see differences between efficacy of the enzymes (Figure 4) . As the goal of this study was not to study differences between the methods at the different time points where viscosity was measured but to assess if when measuring different viscous feedstuffs with or without enzymes, both methods would result in similar conclusions (a sort of ranking), the correlation and extent of agreement between both methods was explored. 
Linear Regression and Correlation Between the Two Methods
In Figure 5 , a scatter plot of the correlation between the AUC of the viscosity measured with the Brookfield and Haake viscometers (with and without centrifugation step, respectively) is shown. For the first set of feedstuffs ( Figure 5A ) and for barley incubated with glucanases ( Figure 5B ), the Pearson correlation coefficient (r) between the Haake and the Brookfield measurements were quite high: r = 0.954 and r = 0.963, respectively, opposite to the results obtained for soybean meal ( Figure 5C ) and sunflower meal ( Figure 5D ) incubated with pectinases. In the latter, the Pearson correlation coefficients were r = -0.253 and r = 0.283 for soybean and sunflower meal, respectively. Figure 6 showed the relative percentage of change in viscosity that was calculated within each method based on the AU changes. In the first set ( figure 6A ), differences between feedstuffs were the target, whereas in the second set ( Figures 6B, 6C, and 6D) , the addition of enzymes was evaluated. The level of the concordance (CCC score) using the relative percentage of changes in viscosity (based on the calculated AUC) for the first set of feedstuffs was substantial (0.66, Table 2), with a Pearson coefficient of 0.90 and an accuracy (C b ) of 0.730 (Table 2) . However, Bland-Altman analysis showed slight agreement and some outliers (data points above the upper limit, (90% wheat + 10% rye) between the two methods for the first set of feedstuffs with rye, whereas this difference plot showed close-toperfect agreement for the first set of feedstuffs without rye ( Figures 7A and 7B, respectively) . The CCC analysis was also repeated for the first set of feedstuffs without rye, length of concordance (ρc), Pearson coefficient (ρ), and the accuracy (C b ) were 0.90, 0.92, and 0.97, respectively. When there is no bias, when calculating the difference between both methods for the percentage of change in viscosity (AU) of the different feedstuffs, this difference should not be significantly different from zero. This was not the case for the mixtures of corn, wheat, and rye. For the first set of feedstuffs with and without rye, the P-values of the t-test (test value = 0) for differences between the percentage of changes measured with Haake and Brookfield viscometers were 0.001 and 0.1, respectively. For the barley incubated with different glucanases, the CC score was similar (substantial) to that of the first set of feedstuffs including the rye mixtures (0.690, Table 2), as well as the Pearson coefficient (0.950) and the accuracy (0.730) ( Table 2 ). The Bland-Altman plot ( Figure  8A ) for the barley incubated with different glucanases shows no outliers, and a smaller bias compared to the Bland-Altman analysis for the first set of feedstuffs. For the soybean meal and the sunflower meal incubated with pectinases, the CCC score was poor (0.022) for the soybean meal and fair (0.320) for the sunflower meal ( Table 2 ). The Bland-Altman analysis (Figures 8B and 8C) showed no outliers and very small bias for the soybean meal and sunflower meal incubated with pectinases. P-values of the t-test for the differences measured with both methods for barley, soybean, and sunflower meal incubated with enzymes were 0.001, 0.002, and 0.487, respectively. 
Concordance and Agreement Between the Two Methods
In Vitro Evaluation of the Viscosity Reducing Capacity of the Enzymes Tested for Both Methods
The effect of different glucanases on the absolute viscosity of barley, using the Haake or the Brookfield viscometers (with and without centrifugation, respectively), after 70 and 120 min of incubation (representative of the most common times for digesta passage rate in broilers) is presented in Table 3 . For both methods and for both time points, all glucanases resulted in decreased viscosity of barley mixtures, compared to the control (barley without glucanases). For soybean meal and for sunflower meal, pectinases did not result in decreased viscosity of the mixtures for both methods (Haake and Brookfield), and at both time points, compared to the control (soybean meal or sunflower meal without pectinases; Table 4 ).
DISCUSSION
There was a high correlation between both methods in the first trial, where a series of combinations of corn, wheat, and rye were used in this study. Caprita and Caprita (2012) reported that the viscosities of wheat and barley extracts isolated by centrifugation, correlated very well with their concentration in the mixtures (r = 0.967 and r = 0.969, respectively), but in their experiment, these correlations were limited only to the conventional method. However, opposite findings (low correlation) were observed in another study in intestinal digesta viscosity among dogs (Dikeman et al., 2007) . In any case, when it comes to evaluating the effect of treatments or feed combinations, both methods render similar conclusions, even with milder changes in viscosity, such as in the second set in this study. Based on these results, one could say that both methods seem to be interchangeable to assess viscosity in feedstuffs. However, despite the good correlation between the two methods, it cannot be automatically assumed that there is a good agreement between the two methods. A correlation describes a linear relationship between two sets of data but not their agreement: one method might for instance present a much greater effect size of a particular treatment than another method, hence affecting the perception of success of such a treatment. It needs to be emphasized that correlation only studies the relationship between one variable and another, not the differences meaning that it is not a sufficient measure of comparability of methods (Giavarina, 2015) . Therefore, it is necessary to check for the level of agreement, precision, and bias between the two methods. For these reasons, the CCC analysis and the Bland-Altman analysis were performed based on the quantification of the agreement between the two methods by studying the mean difference. As stated earlier, one technique measures the viscosity of the whole suspensions (Haake) in the scale of Pa-s and the other measures the viscosity of supernatants (Brookfield) in the scale of milliPascalseconds (mPa-s), so the relative percentage of changes in viscosity (calculated AUC) within each method was used rather than absolute viscosity, to have the same scale (percentage) for the CCC and the Bland-Altman analysis. Because of these pronounced differences in approach, the agreement in outcomes between the methods might differ substantially despite the good correlation. In the first trial, the CCC score indicated a substantial agreement (0.66, Table 2 ). A significant bias was observed for the mixtures of corn, wheat, and rye when comparing the effect size between methods: the differences between methods for the percentage of change were significantly different from zero. Figure 7A presents data points crossing the upper limit of agreement. A closer look to these data points shows that these are related to the rye mixtures. Indeed, when performing the Bland-Altman analysis without these rye mixtures, there were no longer outliers ( Figure 7B) , and no longer a proportional bias. In addition, from Table 2 it is clear that the Pearson coefficient remains high (0.92) indicating a very good precision for both techniques (very small deviations from Figure 6 . Relative percentage of change in viscosity (based on calculated AUC) of feedstuffs within each method, Haake and Brookfield: A-first set of feedstuffs all compared to each other, with C = 100% corn, CW = 25% corn + 75% wheat, W = 100% wheat, WR = 90% wheat + 10% corn; B-barley added with glucanases (YCK, TC70K, SC40K, FL12K10, NB 800, and FL12K20) and compared to barley alone; C-soybean meal added with pectinases (SC30K, TC30K, and RVP) and compared to soybean meal alone; and D-sunflower meal added with pectinases (SC30K, TC30K, and RVP) and compared to sunflower meal alone. Table 2 . Lin's CCC (ρc) and its 95% confidence interval (CI, with upper and lower limits (Upper lim and Lower lim, respectively)), Pearson correlation coefficient (ρ), bias correction factor (C b ) for the relative percentage of change in viscosity (based on AUC) for the first set (with and without rye), and the second set of feedstuffs (using enzymes) measured with the Haake and the Brookfield viscometer. the best fit line), and that the length of concordance (CCC score) and the accuracy (Cb) improved significantly and approached perfection (0.90 and 0.97 respectively), for the mixtures of corn and wheat only (without rye mixtures). From Figure 6A , it was also clear that the percentage of change in viscosity (based on AUC) of all feed mixtures (100% corn, 25% corn + 75% wheat, 100% wheat) compared to feed mixture with rye (90% wheat+10% rye) was almost two times higher in Brookfield (with supernatants) than Haake (with whole suspension) viscometers. The lower rye-induced percentage increase with the Haake viscometer (whole suspension) compared with the Brookfield viscometer (supernatants) might be due to the lack of enough torque (force that tends to cause rotation) to measure the extremely viscous suspensions (Dikeman et al., 2007) . It might also be due to the interference of solid particles (e.g., the particles stuck between the blades and the . Bland-Altman analysis for the percentage of change in viscosity (based on calculated AUC) using the Haake or the Brookfield viscometers for the first set of feedstuffs prepared: A-using all mixtures, including the ones mixed with rye; B-using only mixtures without rye added. Lines show the bias (solid line) and upper and lower limits of agreement (dashed lines). Diff refers to the differences between percentages of change in viscosity (based on the calculated AUC) between the two methods for the same feedstuffs, whereas mean refers to the average of percentage of change in viscosity (based on the calculated AUC) for both methods. . Bland-Altman analysis for the percentage of change in viscosity of A-barley added with glucanases compared to barley without added enzyme-control; B-soybean meal without added enzyme-control-(based on calculated AUC); and C-sunflower meal added with pectinases compared to sunflower meal without added enzyme-control (based on calculated AUC) using the Haake or the Brookfield viscometers for the same feedstuffs. Lines show the bias (solid line) and upper and lower limits of agreement (dashed lines). Diff refers to the differences in percentage of change in viscosity measurements (based on the calculated AUC) between the two methods, whereas mean refers to the average of percentage of change in viscosity (based on calculated AUC) for both methods.
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wall of the cup) in the measurements with this Haake viscometer (Roos et al., 2006) . Removal of the particles by centrifugation turns the fluid from non-Newtonian to Newtonian, where the shear rate no longer determines the viscosity (Sobisch and Lerche, 2018) so that different factors might affect the actual measurements. It should however be noted that these limitations are due to this viscometer and not the mixer viscometry method as such. Evidently, this lower rye-induced percentage change in viscosity measurements of whole Table 3 . Effect of different glucanases on viscosity reduction of barley, using the Haake (Pa-s) and Brookfield (mPa-s) viscometers after 70 and 120 min of incubation. suspensions compared to the supernatants is not linked to the effect of the centrifugation process. For barley incubated with different glucanases, the CCC score also showed a substantial agreement between the two methods, with high correlation (0.95) and a substantial accuracy (0.73, Table 2 ). When performing the BlandAltman analysis, there were no outliers to be noted, but there was still some proportional bias. As the percentage of changes in viscosity measurements with whole suspensions (Haake viscometer) is lower than in viscosity measurements with centrifugation step (Brookfield viscometers; Figure 6B ), it is unlikely that the centrifugation plays a role in this variation. Therefore, similar to the first set of feedstuffs with rye, the proportional bias between the two methods may be due to the presence of particles in the Haake viscometer. Whereas the viscosity of supernatants in barley mixtures provided an almost accurate prediction of whole barley mixtures viscosity, the method with centrifugation step did not allow accurate prediction of viscosity measurements of whole suspensions for sunflower and soybean meal. Indeed, the length of concordance (CCC score) and Pearson correlation (ρ) are rather poor and unsatisfactory (ρc = 0.022, ρ = 0.083, and ρc = 0.32 ρ = 0.34), respectively, and the accuracy (Cb) was 0.93 and 0.27 for sunflower and soybean meal. Nevertheless, when performing the Bland-Altman analysis, no outliers could be detected, despite a proportional bias present for soybean meal. The lack of correlation and the presence of this proportional bias may be due to the limit range in viscosity within these mixtures when pectinases were added. However, the better correlation and accuracy between the two methods in sunflower meal compared to the soybean meal mixtures could be due to the higher level of NSP in sunflower meal (41.3%) than soybean meal (29.0%; Malathi and Devegowda, 2001 ), but only when this difference in NSP refers to a difference in viscometrically active compounds. Although there was no agreement between the two methods (Haake and Brookfield) regarding the percentage of change in viscosity of these mixtures, in vitro evaluation demonstrated pectinases to have no effect on the viscosity of soybean meal or on the viscosity of sunflower meal, for both methods. However, both methods confirm the lack of viscosity differences in soybean and sunflower meal mixtures with different pectinases, albeit there was no correlation between these two methods. The lack of enzyme effect on the viscosity of soybean and sunflower meal mixtures may be attributed to the fact that the viscosity of these mixtures was already decreased when pectin was dissolved completely in water (Li and Chang, 1997) , assuming that the pectins present were of small molecular weight. Although the rate of interchangeability between the two methods was quite high for wheat and corn mixtures, the viscosity measurements of whole suspensions with high-viscous feedstuffs such as rye and barley may underestimate the viscosity and create a bias between the viscosity measurements of two methods. Overall, it can be concluded that viscosity measurements in poultry feedstuffs obtained with the conventional method-where centrifugation is used (Brookfield)-agree quite well with the method without centrifugation (Haake). The agreement and correlation between the two techniques improves when the range of viscosity differences increases. The Haake method might present some limitations, such as lack of torque and the possibility that particles stick to the wall that could affect measurements when viscosity would be high. This limitation is more related to the instrument itself, rather than with the method itself. In cases that viscosity would be high, the method with centrifugation (Brookfield instrument) might seem more appropriate.
